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Rhodamine BAbstract Modiﬁed waste sugarcane bagasse (SCB) was prepared to remove cationic dyes: methy-
lene blue and rhodamine B from aqueous solution by using a continuous mode. Effects of ﬂow rate
on adsorption of the two dyes in ﬁxed bed column were studied. Competitive adsorption kinetics of
the two dyes in binary system was investigated in detail. Results showed that the adsorption capac-
ities of the modiﬁed sorbent for methylene blue and rhodamine B in one component system were 1.7
and 0.4 mmol g1, respectively. Competitive adsorption process in the binary system could be
divided into three phases: free adsorption, substitution adsorption and adsorption equilibrium.
0.19 mmol of rhodamine B absorbed was replaced by 0.35 mmol of methylene blue in the second
phase. Simple modiﬁed Yoon–Nelson model was used to predict the adsorption kinetics for the ﬁrst
time. The obtained adsorption rate constants for the two dyes in the three phases both followed the
order: phase I > phase III > phase II, demonstrating that substitution adsorption phase is the rate
determining step. Desorption experiment showed that the loaded two dyes could be separated and
recycled by using the mixture solution of HCl (0.1 mol L1) and ethanol as eluent. The prepared
ﬁxed bed column had great potential in industrial wastewater treatment.
ª 2015 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Nowadays, large amounts of wastewater are produced in dye
production and usage. This kind of wastewater would cause
serious pollution to environment. It would impart a signiﬁcant
color to water even at a very low concentration, and reduce sun-
light transmission through water (Rodrı´guez et al., 2010). Fur-
thermore, it would increase the biological oxygen demand and
do harm to the aquatic organisms (Al-Qodah et al., 2007). Dif-
ferent techniques including chemical oxidation, precipitation,d kinet-
2 J.-x. Yu et al.membrane ﬁltration, ion exchange, biosorption and adsorption
were adopted to remove dyes from aqueous solution (Ayad and
El-Nasr, 2010). Among these methods, biosorption has been
suggested as a potential alternative for detoxiﬁcation and recov-
ery of toxic dyes from wastewater due to the low operational
cost, low maintenance and simplicity (Akar et al., 2008;
Juhasz et al., 2002).
Different types of modiﬁed and unmodiﬁed biosorbent such
as peat, rice husk, pinus sylvestris and ash had been used for
the removal cationic dyes (Sun and Yang, 2003; Zou et al.,
2011; Vijayaraghavan et al., 2008; Gupta, 2006; Aksakala
and Ucunb, 2010; Srinivasan and Viraraghavan, 2010). In
order to determine the effectiveness of adsorption as well as
the maximum adsorption capacity of the modiﬁed and unmod-
iﬁed sorbents, the adsorption experiments including adsorp-
tion isotherms, kinetics, competitive adsorption and the
other conditional experiments were often carried out by using
batch model (Ata et al., 2012; Alencar et al., 2012). However,
from industrial point of view, the continuous adsorption in
ﬁxed bed column is often desired. It is simple to operate and
can be scaled-up from a laboratory process (Hasan et al.,
2010). Kara et al. (2012) discussed the effects of ﬂow rate
and the bed height on the sorption of RR45 by the sodium
diethyldithiocarbamate modiﬁed Symphoricarpus albus in a
ﬁxed bed column. A biodecolorization model that considers
the simultaneous mechanism of biosorption and biodegrada-
tion of a synthetic dye by immobilized white-rot fungus Tra-
metes subectypus B32 in a ﬁxed bed bioreactor was
developed by Medina-Moreno et al. (2012). Gupta et al.
(2004) had reported the breakthrough curves of rhodamine
B, fast green, and methylene blue on red mud in a column,
and found that the desorption of these dyes occurred easily
with acetone. El Qada et al. (2006) had reported the effect of
initial dye concentration, ﬂow rate and mass of adsorbent on
the breakthrough of basic dyes on PAC2 and F400 in ﬁxed
bed microcolumns. Much attention was paid on the adsorption
of dyes in one-component system on the unmodiﬁed biosor-
bents by using the continuous model. However, the adsorption
capacity of the unmodiﬁed sorbent was poor, unsatisﬁed
results would be obtained when treating the real wastewater.
On the other hand, there were often multi-components in the
real wastewater, and the adsorption of one component affects
the others, which made the sorption process complicated. It
was necessary to investigate the complicated adsorption pro-
cess in multi-component systems by using the modiﬁed biosor-
bents ﬁxed bed column.
SCB is composed of cellulose (50%), polyoses (27%), and
lignin (23%), and there were large amounts of hydroxyl groups
on its surface. Hydroxyl groups are active groups and it can be
used to graft other functional groups such as carboxyl and
amine groups to improve its adsorption capacities for dyes
or metal ions. In this work, pyromellitic dianhydride modiﬁed
SCB was prepared ﬁrstly to improve its adsorption capacity
for cationic dye. Methylene blue and rhodamine B were used
as the model dyes for their widely usage (Eftekhari et al.,
2010; Han et al., 2014). Breakthrough curves of the two dyes
on the modiﬁed and unmodiﬁed SCB under continuous mode
were compared, and the effects of ﬂow rates on the break-
through curves of both dyes were also determined in one com-
ponent system. The breakthrough curves, adsorption kinetics
and substitution reaction occurred between methylene blue
and rhodamine B in the binary system were investigated inPlease cite this article in press as: Yu, J.-x. et al., Removal of cationic dyes by modiﬁe
ics. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2014.12detail. Additionally, desorption process of the two dyes by
using the mixture solution of HCl and ethanol as eluent was
determined.2. Materials and methods
2.1. Materials
SCB was collected and ground with a mill to pass through a
100-mesh sieve, and then it was washed with ethanol and dis-
tilled water, and dried at 60 C for 24 h before use. Pyromellit-
ic dianhydride (PMDA) and other chemicals of reagent grade
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). For preparation of dye solutions, stock
solutions with concentration of 103 mol L1 were prepared
and the solutions for adsorption tests were prepared from
the stock solutions to the desired concentration. The pH of
dye solution was adjusted with HCl or NaOH solution.
2.2. Surface modiﬁcation
The modiﬁed SCB was prepared according to Yu et al. (2010,
2012). 1.0 g of PMDA and 1.0 g SCB were added into a round-
bottomed ﬂask containing 30 mL of N,N-dimethylacetamide.
After stirring at 50 C for 4 h, the modiﬁed SCB was obtained,
and it was washed in order with NaOH (0.01 mol L1) and
water. Then it was dried and stored in a desiccator before use.
2.3. Fixed bed column adsorption experiment
The ﬁxed bed column adsorption experiment was conducted at
room temperature in a glass column with an internal diameter
of 1 cm and length of 20 cm. 1.0 g of the modiﬁed and unmod-
iﬁed SCB was accurately weighed and soaked in 100 mL of dis-
tilled water for 30 min before being poured slowly into the
column. After the adsorbent had settled, the column was
pumped with distilled water for 30 min. In the dynamic
adsorption experiment, the solution of methylene blue and
rhodamine B was pumped using a peristaltic pump
(YZ1515X, Longer pump), connected with Teﬂon tubes from
the sample tank to the bottom of the microcolumn at the des-
ignated ﬂow rate (up ﬂow pattern). Both the concentration of
methylene blue and rhodamine B used in the experiment were
3 * 104 mol L1. Solution pH was ﬁxed at 6.5. Flow rates of
the sample in the experiment were 7.8 mL min1 for both dyes
except in the ﬂow rate experiment. Samples were taken from a
sample point (at the top of the column) at regular time inter-
vals, and the concentrations of the cationic dyes in the efﬂuent
were measured by measuring their characteristic absorbance.
2.4. Mathematical models
The dynamic behavior of columns is described in terms of an
‘‘efﬂuent concentration–time’’ proﬁle, which is called the
breakthrough curve. The time of breakthrough is deﬁned as
the time when the outlet adsorbate concentration equals a cer-
tain fraction of the original adsorbate concentration at the
inlet of the column: e.g., 50% breakthrough occurs when the
outlet concentration is 50% of the inlet concentration, i.e.
Ct/C0 = 0.5 and tT= t0.5 (Andersson et al., 2012).d waste biosorbent under continuous model: Competitive adsorption and kinet-
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igure 1 SEM image of the modiﬁed SCB and the picture of the
xed column.
Removal of cationic dyes by modiﬁed waste biosorbent 3The breakthrough curve is usually expressed in terms of a
normalized concentration deﬁned as the ratio of the efﬂuent
cationic dyes concentration to the inlet dye concentration
(Ct/C0) versus time. The volume of the efﬂuent, Vef (mL),
can be calculated from the following equation.
Vef ¼ mt ð1Þ
where t (min) is the ﬂow time and m (mL min1) is the volumet-
ric ﬂow rate.
The area under the breakthrough curve represents the
amount of cationic dyes adsorbed at time t, Qtotal (mmol),
for a given feed concentration and ﬂow rate, and it can be
determined by the integration (calculated by using the software
origin 8.0).
Qtotal ¼ m
Z t¼t
t¼0
ðC0  CtÞdt ð2Þ
The total amount of cationic dyes sent to the column at
time t (mtotal) can be calculated from the expression:
mtotal ¼ C0mt ð3Þ
The cationic dyes removal (R, %) can be calculated as:
R ¼ Qtotal
mtotal
 100 ð4Þ
The adsorption capacity of the sorbent qt (mmol g
1) at
time t could be calculated by the following equation (calcu-
lated by using the software origin 8.0):
qt ¼
m
R t¼t
t¼0ðC0  CtÞdt
m
ð5ÞFigure 2 Breakthrough curves (line, left vertical axis) and
integral areas (oblique line padding, right vertical axis) of (a)
methylene blue and (b) rhodamine B sorption onto modiﬁed and
unmodiﬁed SCB ﬁxed bed column at inlet concentration of
3 * 104 mol L1 (amount of sorbent = 1.0 g, ﬂow
rate = 7.8 mL min1, pH = 6.5).3. Results and discussion
3.1. Breakthrough curves of methylene blue and rhodamine B on
the modiﬁed and unmodiﬁed SCB ﬁxed bed column
SEM image of the modiﬁed SCB and the pictures of the ﬁxed
column are shown in Fig. 1. It was observed that the surface of
the modiﬁed SCB was smooth and porous. Fig. 2a and b
shows the breakthrough curves and integral areas (drawn by
the software origin 8.0) of methylene blue and rhodamine B
on the modiﬁed and unmodiﬁed SCB ﬁxed bed column at
the ﬂow rate of 7.8 mL min1. Compared with the unmodiﬁed
SCB, the modiﬁed SCB ﬁxed column had much longer break-
through time. According to the integral area, the calculated
adsorption capacities of the unmodiﬁed SCB for methylene
blue and rhodamine B were 0.11 and 0.11 mmol g1, and that
of the modiﬁed SCB were 1.70 and 0.43 mmol g1, respec-
tively. Large amount of carboxylate ions were introduced onto
the modiﬁed sorbent surface, which provided more electron
rich sites to absorb the cationic dye molecules through electro-
static interaction, and thus the high adsorption capacity for
cationic dyes (Yu et al., 2011). Compared with methylene blue,
there were a negatively charged carboxyl groups on the mole-
cules of rhodamine B, which would inhibit the adsorption the
dyes on the carboxyl groups modiﬁed sorbents. The modiﬁed
SCB had much higher adsorption capacities for methylene
blue than for rhodamine B. Results above demonstrated that
the sorbents showed good adsorption performances after
modiﬁcation.Please cite this article in press as: Yu, J.-x. et al., Removal of cationic dyes by modiﬁe
ics. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2014.12F
ﬁ3.2. Effects of ﬂow rate on the breakthrough curves of methylene
blue and rhodamine B on the modiﬁed SCB ﬁxed bed column
Effects of ﬂow rate on the breakthrough curves and integral
areas of methylene blue and rhodamine B were shown ind waste biosorbent under continuous model: Competitive adsorption and kinet-
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Figure 3 Effects of ﬂow rates on breakthrough curves (line, left
vertical axis) and integral areas (oblique line padding, right
vertical axis) of (a) methylene blue and (b) rhodamine B sorption
onto modiﬁed SCB ﬁxed bed column at inlet concentration of
3 * 104 mol L1 (amount of sorbent = 1.0 g, pH = 6.5).
4 J.-x. Yu et al.Fig. 3a and b. In all cases, the breakthrough time tT decreased
with increasing ﬂow rate. At lower ﬂow rates, breakthrough
curves were dispersed and breakthrough occurred more slowly.
As the ﬂow rates increased, shapely breakthrough curves were
obtained. Parameters of the breakthrough curve of methylene
blue and rhodamine B were listed in Table 1. Results showed
that ﬂow rates had some negative effects on the adsorption
capacity of rhodamine B, while little effects on the capacityTable 1 Parameters of the breakthrough curves of methylene blue a
column.
Sorbents Flow rate (mL min1) tT (min) Peak area (mmo
Methylene blue
Unmodiﬁed SCB 7.8 47 144.8
Modiﬁed SCB 4.5 1280.0 3800.86
7.8 713.0 1722.83
10.9 512.0 1587.47
Rhodamine B
Unmodiﬁed SCB 7.8 45.0 140.4
Modiﬁed SCB 4.5 372.0 1181.1
7.8 160.0 548.4
10.9 107.0 352.2
Please cite this article in press as: Yu, J.-x. et al., Removal of cationic dyes by modiﬁe
ics. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2014.12of methylene blue. The values of Qtotal, mtotal and R at different
ﬂow rate were also shown in Table 1. It could be seen that high
removal percentages were obtained at low ﬂow rates. More-
over, due to the different adsorption capacities, the removal
percentage of methylene blue was higher than that of rhoda-
mine B at the same experimental conditions. Consideration
of the time needed and the adsorption capacities of the modi-
ﬁed SCB, ﬂow rates at 7.8 mL min1 were chosen in the fol-
lowing experiments.
With the aim of describing the ﬁxed bed column behavior,
the breakthrough curves of methylene blue and rhodamine B
were ﬁtted by Bohart–Adams, Yoon–Nelson and Wolborska
models through nonlinear curve regressive analysis.
The Bohart–Adams model was given by the following equa-
tion (Aksu and Gonen, 2004; Baral et al., 2009; Sotelo et al.,
2012):
Ct
C0
¼ e
kABC0t
ekABN0Z=U  1þ ekABC0t
¼ 1
1þ ðekABN0Z=U  1Þ  ekABC0t ð6Þ
where kAB is the kinetic constant in liters per milligram per
minute, N0 is the maximum volumetric sorption capacity in
milligrams per liter, Ct is the solute concentration in the liquid
phase in milligrams per liter, C0 is the inlet metal concentration
in the solution in milligrams per liter, U is the linear ﬂow rate
in centimeters per minute, and Z is the bed depth in the col-
umn in centimeters.
The equation of the Yoon–Nelson model was listed below
(Zhang et al., 2011; Yoon and Nelson, 1984):
Ct
C0
¼ 1
1þ expðkYNðt sÞÞ ð7Þ
where kYN is the Yoon–Nelson rate constant (min
1) and s is
the time required for reach 50% adsorbate breakthrough
(min).
The Wolborska model was given by the following equation
(Wolborska, 1989):
Ct
C0
¼ exp bC0
N0
t bZ
U
 
¼ expðBt AÞ ð8Þ
where b is the kinetic coefﬁcient of the external mass transfer,
B ¼ bC0=N0;A ¼ bZ=U.nd rhodamine B on the modiﬁed and unmodiﬁed SCB ﬁxed bed
l L1 min) qe (mmol g
1) mtotal (mmol) Qtotal (mmol) R%
0.11 0.17 0.11 64.7
1.71 1.83 1.71 93.5
1.69 2.07 1.70 82.0
1.73 2.11 1.73 82.0
0.11 0.20 0.11 55.0
0.53 0.78 0.53 68.1
0.43 0.70 0.43 61.1
0.38 0.62 0.38 61.9
d waste biosorbent under continuous model: Competitive adsorption and kinet-
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Table 2 Estimated parameters by using different models for the dynamic adsorption of methylene blue and rhodamine B on the
modiﬁed SCB ﬁxed bed column.
Adams–Bohart model
Flow rate m (mL min1) kAB (L mol
1 min1) N0 (mol L
1) R2 P
Ct=C0ð Þexp  Ct=C0ð Þcal
h i2
Methylene blue
15 rpm 5.7 96.7 ± 5.0 1.3 ± 0.1 0.990 0.37
25 rpm 9.94 100 ± 5.7 1.2 ± 0.1 0.991 0.11
35 rpm 13.9 110 ± 10.0 1.27 ± 0.08 0.978 0.16
Rhodamine B
15 rpm 5.7 166.7 ± 16.7 0.36 ± 0.4 0.981 0.11
25 rpm 9.94 186.7 ± 30.0 0.29 ± 0.3 0.956 0.14
35 rpm 13.9 283.3 ± 33.3 0.25 ± 0.2 0.969 0.10
Yoon–Nelson model
Flow rate m (mL min1) KYN (min
1) s (min1) R2 P
Ct=C0ð Þexp  Ct=C0ð Þcal
h i2
Methylene blue
15 rpm 5.7 0.029 ± 0.002 1274.0 ± 2 0.989 0.36
25 rpm 9.94 0.030 ± 0.002 714.8 ± 1.8 0.991 0.11
35 rpm 13.9 0.033 ± 0.003 520.0 ± 2.8 0.978 0.16
Rhodamine B
15 rpm 5.7 0.05 ± 0.005 382.0 ± 2.1 0.980 0.12
25 rpm 9.94 0.06 ± 0.009 171.6 ± 2.7 0.956 0.14
35 rpm 13.9 0.085 ± 0.01 109.7 ± 1.1 0.968 0.11
Wolborska model
Flow rate m (mL min1) A B R2 P
Ct=C0ð Þexp  Ct=C0ð Þcal
h i2
Methylene blue
15 rpm 5.7 11.44 ± 0.73 (8 ± 0. 5) * 103 0.960 1.61
25 rpm 9.94 3.8 ± 0.4 (4 ± 0. 4) * 103 0.810 0.91
35 rpm 13.9 3.98 ± 0.4 (6 ± 0. 6) * 103 0.858 1.29
Rhodamine B
15 rpm 5.7 3.14 ± 0.4 (6 ± 0.8) * 103 0.751 1.57
25 rpm 9.94 1.77 ± 0.28 (6 ± 1) * 103 0.713 0.96
35 rpm 13.9 1.5 ± 0.23 (7 ± 1) * 103 0.631 1.18
Removal of cationic dyes by modiﬁed waste biosorbent 5Estimated parameters by using Bohart–Adams, Yoon and
Nelson and Wolborska models were shown in Table 2. The val-
ues of R2 and
P
Ct=C0ð Þexp  Ct=C0ð Þcal
h i2
showed that the
Wolborska model does not ﬁt the breakthrough curves accept-
ably. Both Bohart–Adams and Yoon–Nelson model could pre-
dict the breakthrough curves. By using Bohart–Adams, both the
kinetic constant kAB and the maximum volumetric sorption
capacity N0 changed a little with the increasing of the ﬂow rate
for methylene blue. While opposite results were obtained for
rhodamine B, and the values of N0 decreased signiﬁcantly with
the increase of the ﬂow rate. By using Yoon–Nelson model, the
calculated values of s for methylene blue were 1274.0, 714.8 and
521.0 min, respectively, and that for rhodamine B were 382.0,
171.6 and 109.7 min at different ﬂow rates. All these obtained
data were very close to the experimental values.
3.3. Breakthrough curves of methylene blue and rhodamine B on
the modiﬁed SCB ﬁxed bed column in binary system
Breakthrough curves of methylene blue and rhodamine B in
the binary system under the continuous model were presentPlease cite this article in press as: Yu, J.-x. et al., Removal of cationic dyes by modiﬁe
ics. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2014.12in Fig. 4a. It could be seen that the breakthrough curves of
the both dyes were more complicated than that obtained in
the one component system. At the beginning, large amount
of active sites were available, and both of the dyes could be
removed completely. Values of Ct/C0 for both dyes equal to
zero before 135 min. After that different phenomena were
occurred. For rhodamine B, with the occupation of the active
sites, the values of Ct/C0 increased sharply and the maximum
of 1.9 was obtained at 340 min. Then the values decreased till
equilibrium after 400 min. The high values (>1.0) demon-
strated that parts of rhodamine B adsorbed released form
the sorbent surface into the solution, which made the values
of Ct higher than C0. For methylene blue, the values of Ct/
C0 increased signiﬁcantly after 170 min and this trend ended
at 260 min, and then the values decreased gradually and a tem-
porary equilibrium reached at the time range from 360 min to
540 min. After that the values continued to increase and the
ﬁnal equilibrium was obtained at 560 min. Uncommon
decrease of the curves of methylene blue showed that other
available active sites were provided during the process. The
results above both demonstrated that rhodamine B was substi-
tuted by methylene blue in the competitive adsorption process.d waste biosorbent under continuous model: Competitive adsorption and kinet-
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Figure 4 (a) Breakthrough curves and (b) integral areas of
methylene blue and rhodamine B sorption onto the modiﬁed
SCB ﬁxed bed column in the binary system at inlet
concentration of 3 * 104 mol L1 (amount of sorbent = 1.0 g,
ﬂow rate = 7.8 mL min1, pH = 6.5).
Figure 5 Adsorption kinetics (left vertical axis) of methylene
blue and rhodamine B onto modiﬁed SCB ﬁxed bed column in the
binary system and the ratios of qt (right vertical axis) of the two
dyes (amount of sorbent = 1.0 g, inlet concentration of
dyes = 3 * 104 mol L1, ﬂow rate = 7.8 mL min1, pH = 6.5).
6 J.-x. Yu et al.The modiﬁed SCB had higher adsorption afﬁnity toward
methylene blue than rhodamine B.Please cite this article in press as: Yu, J.-x. et al., Removal of cationic dyes by modiﬁe
ics. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2014.12Fig. 4b shows the integral areas for methylene blue and rho-
damine B sorption on the modiﬁed SCB in the binary system.
It also could be seen that negative integral areas of rhodamine
B and increased integral areas of methylene blue were
observed. These results again demonstrated that there were
competitive substitution reaction happened between the two
cationic dyes. Parts of rhodamine B molecules absorbed were
replaced by methylene blue molecules during the adsorption
process.
3.4. Adsorption kinetics of methylene blue and rhodamine B on
the modiﬁed SCB ﬁxed bed in binary system
In order to determine the beginning and end of the substitution
reaction, the adsorption capacities of the modiﬁed SCB for the
two dyes at time t (qt, mmol g
1) were calculated (by using the
software origin 8.0) and shown in Fig. 5. It could be seen that
the amounts of methylene blue absorbed increased all the time
till the equilibrium obtained. However, the amount of rhoda-
mine B absorbed increased ﬁrstly before 175 min. After that
the values of qt decreased obviously due to the substitution
reaction, and desorption equilibrium reached after 440 min.
The variation of the values of qt shows that the competitive
substitution reaction occurred at the time of 175 min and
ended at the time of 440 min. The whole adsorption process
could be divided into three phases (shown in Fig. 6): (1) Phase
I: free adsorption phase, 0175 min, this phase is a free
adsorption phase and no substitution reaction happened. qt
of both dyes increased with the increasing of the time. Methy-
lene blue could be absorbed completely due to the high adsorp-
tion capacity and high adsorption afﬁnity. The values of Ct/C0
for methylene blue in this phase were equal to zero (shown in
Fig. 4a). For rhodamine B, with the saturation of the sorbent,
most of the molecules could not be absorbed at the end of this
phase, and the values of Ct/C0 increased from 0.0 to 1.0
(shown in Fig. 4a). According to the integral area, the amount
of methylene blue and rhodamine B absorbed were 0.40 and
0.35 mmol, respectively. The value of qmethylenebluet =q
rhodamine B
t
at the end of this phase was 1.1. (2) Phase II: competitive sub-
stitution adsorption phase, 175–440 min, with the occupation
of the active sites, rhodamine B molecules absorbed would
be replaced by methylene blue molecules. For rhodamine B,
the values of Ct/C0 increased sharply from 1.0 to 1.9 with
the release of it, and qt of it decreased from 0.35 to
0.16 mmol g1. For methylene blue, qt increased from 0.40 to
0.75 mmol g1. The values of qmethylenebluet =qrhodamine Bt increased
from 1.1 to 4.7. 0.19 mmol of rhodamine B was replaced by
0.35 mmol of methylene blue (one rhodamine B molecule
was nearly replaced by two methylene blue molecules). (3)
Phase III: adsorption equilibrium phase, 440–560 min, methy-
lene blue was absorbed continuously, and ﬁnal equilibrium
was obtained at 560 min. The values of qmethylenebluet =q
rhodamine B
t
reached the maximum of 5.4. The total amount of methylene
blue and rhodamine B absorbed after the three phases were
0.91 and 0.17 mmol, respectively.
In order to determine the dynamic adsorption kinetic of the
two dyes in different phases, the modiﬁed Bohart–Adams,
Yoon–Nelson and Wolborska models were used to predict
the breakthrough curves at different phase. Results showed
that the modiﬁed Yoon–Nelson model (Eq. (9)) obtained the
best ﬁt (shown in Fig. 5).d waste biosorbent under continuous model: Competitive adsorption and kinet-
.022
Figure 6 Adsorption schedules of methylene blue and rhodamine B on the modiﬁed SCB in the binary system.
Figure 7 Elution curves of the two dyes by using the mixture
solution of HCl (0.1 mol L1) and ethanol as eluent (amount of
sorbent = 1.0 g, VHCl:Vethanol = 3:2, ﬂow rate of the
elution = 7.8 mL min1).
Removal of cationic dyes by modiﬁed waste biosorbent 7qt ¼
qm
1þ expðk0ðt s0ÞÞ ð9Þ
where qm (mmol g
1) is the calculated amount of dyes
absorbed/desorbed on the ﬁxed bed, the k0 is the adsorption
rate constant (min1) and s0 (min) is the time. The ﬁtted equa-
tions for methylene blue in the three phases were as follows:
Phase I : qt ¼
0:40
1þ expð0:03ðt 85:5ÞÞ R
2 ¼ 0:972 ð10Þ
Phase II : qt ¼
0:75
1þ expð0:009ðt 166:1ÞÞ R
2 ¼ 0:930
ð11Þ
Phase III : qt ¼
0:95
1þ expð0:015ðt 352:5ÞÞ R
2 ¼ 0:984
ð12Þ
The calculated qm at the three phases were 0.40, 0.75 and
0.95 mmol g1, respectively, which is very close to the experi-
mental data: 0.40, 0.75 and 0.91 mmol g1. The equations also
showed that the adsorption rate constant k0 followed the order:
Phase I > Phase III > Phase II.
The obtained equations for rhodamine B were:
Phase I : qt ¼
0:37
1þ expð0:028ðt 79:8ÞÞ R
2 ¼ 0:997 ð13ÞPlease cite this article in press as: Yu, J.-x. et al., Removal of cationic dyes by modiﬁe
ics. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2014.12Phase II : qt ¼
0:37
1þ expð0:01ðt 402:4ÞÞ R
2 ¼ 0:968 ð14Þ
Phase III : qt ¼
0:17
1þ expð0:01ðt 216:5ÞÞ R
2 ¼ 0:957 ð15Þ
The calculated k0 for the second phase was 0.01 min1,
demonstrating that phase II was a desorption process. In
phase I and phase II, the calculated qm was also very close
to the experiment values of 0.35 and 0.17 mmol g1. The
results above all showed that modiﬁed Yoon–Nelson model
could predict the adsorption kinetics of the two dyes in the
binary system. Competitive substitution adsorption phase
was the rate determining step in the binary system adsorption
process.
3.5. Desorption of methylene blue and rhodamine B
In order to recycle the two dyes separately, different eluents
including: HCl (0.1 mol L1), ethanol, and the mixtures of
them were used. Fig. 7 shows the elution curves of methylene
blue and rhodamine B by using the mixture solution of HCl
(0.1 mol L1) and ethanol (VHCl:Vethanol = 3:2) as eluent. It
could be seen that methylene blue could be removed com-
pletely before 20 min (removal ratio = 95.8%), while rhoda-
mine B rarely desorbed within this time and it begins to be
removed from the sorbent surface after 30 min. Methylene
blue and rhodamine B could be separated in the desorption
process by using the appropriate eluents.
4. Conclusion
Adsorption capacity of SCB for rhodamine B and methylene
blue increased to 0.4 and 1.7 mmol g1 after modiﬁcation.
Flow rates experiment on the modiﬁed SCB ﬁxed bed column
showed that it had more effect on the adsorption of rhodamine
B than on methylene blue. Both of Bohart–Adams and Yoon–
Nelson models could predict the breakthrough curves of the
two dyes in one component system. Competitive adsorption
experiment in the binary system showed that the modiﬁed
SCB had the higher adsorption afﬁnity toward methylene blue
and substitution adsorption was occurred. The whole adsorp-
tion process in the binary system could be divided into three
phases: free absorption, substitution adsorption and adsorp-
tion equilibrium. 0.19 mmol of rhodamine B absorbed was
replaced by 0.35 mmol of methylene blue in the substitution
adsorption phase, and the total amount of methylene blued waste biosorbent under continuous model: Competitive adsorption and kinet-
.022
8 J.-x. Yu et al.and rhodamine B absorbed on the column were 0.91 and
0.17 mmol, respectively. The adsorption kinetics in the three
phases could be predicted well by modiﬁed Yoon–Nelson
model. Moreover, the loaded two dyes in the binary system
could be recycled separately by choosing the appropriate
eluent.
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